Abstract: As a procedure deriving UH (unit hydrograph), the root selection method necessitates 9 only storm runoff data. However, this method must deal with the uncertainty related to the noise 10 fluctuation of runoff ordinates and derive one optimal UH from many storms. This study proposes 11 a procedure that applies the Savitzky-Golay filter to smooth the noise fluctuation of the runoff 12 ordinates and uses the linear combination of UHs from individual storms to derive an optimal UH.
Introduction

22
The unit hydrograph (UH) concept is generally used for the analysis of rainfall-runoff 23 relationship since it is practically convenient to describe linearly the basin response to rainfall input.
24
Numerous methods have been proposed to find an UH from storm hydrographs with known 25 rainfall inputs. However, one still needs an efficient method estimating the UH in absence of rainfall 
This study adopts Equation (2) to smooth the runoff because it involves the lesser number of runoff data points in the smoothing process. Equation (2) requires the first and last points to be treated.
84
Here, an artificial extension of data by adding zeros is employed.
85
The Root Selection Method
of 17
The linear discrete convolution relationship between a pulse response function being UH, an 87 input being effective rainfall and an output being runoff is usually expressed as Equation (3) [6]:
where T is the time interval for sampling; the output ( ) y nT is the runoff sampled at t nT = ; and, 
98
roots in more than two runoff polynomials can be extracted because the common roots are 99 independent of the rainfall and thus, the UH can be constructed using these common roots.
100
However, Turner et al. [2] showed that the root matching method is sensitive to the errors in runoff 101 data and proposed a new method finding the UH polynomial by considering the roots on the 102 complex plot (or the Argand diagram) of the runoff polynomial. Based on the analysis using synthetic data and real runoff data, they found a specific feature of the roots reflecting UH on the
104
Argand diagram. Furthermore, the authors showed that this feature was practically common to all 105 runoff events in a same basin. Finally, Turner et al.
[2] suggested a procedure (the root selection 106 method) that could extract UH roots from the runoff roots on the Argand diagram and showed that 107 the method gave a smaller average error in UH than the root matching method.
108
Determination of an Optimal UH for Multiple Storm Events
109
The root selection method has been successful in identifying UH roots from a runoff 110 polynomial based on individual single runoff event. However, a practical procedure is still 111 necessary to determine the optimal UH obtained from multiple runoff events. Accordingly 
where ( )
; and, * m y represents the smoothed runoff data for the mth storm.
140
Considering UH polynomials for k storms 
146
as shown in Equation (7):
where
is tentatively an optimal UH polynomial. The resulting optimal UH polynomial can 148 be obtained by rescaling the coefficients to satisfy the definition of UH.
149
Parameters of Nash's IUH with Root Selection Method
150
A vital aspect of using IUH (instantaneous UH) in a hydrologic modeling is that the IUH is free 151 from the difficulties related to the duration time of the effective rainfall. One widespread conceptual
152
IUH model is the Nash's model [12] . The Nash's IUH follows a gamma probability density function 153 as shown in Equation (8):
where ( ) 
168
The flow chart of the proposed method is shown in Figure 1 .
170
Single-Event UHs 
192
The UHs 
233
Evaluation Using the Performance Index
234
In order to investigate the effect of the Savitzky-Golay filter more precisely, this study 
in which i y is the observed runoff; ˆi y is the modelled discharge; and, y is the average 240 discharge at time t. The closer the Nash-Sutcliffe index to 1, the better the performance of the model.
241
Specifically, a value of 0.9 for E indicates a very satisfactory model performance, a value between 0.8 242 and 0.9 indicates an acceptable model, and a value between 0.6 and 0.8 indicates unsatisfactory
243
fitting results [15] . The applicability of UHs were compared using the Nash-Sutcliffe index for UH 244 models with and without Savitzky-Golay filtering. 
258
The 22 storms presented chronologically in Figure 2 were used for deriving an optimal UH. For 259 this purpose, the first 21 storms were used to give an optimal UH estimate with careful selection of 
268
These selected storms were also used by Bree [10] to obtain a reliable UH when using the least 
308
In Figure 6 , there is no remarkable difference in the overall shape between the observed and 309 predicted runoffs. The peak discharge of the predicted runoff agrees well with that of the observed 310 one. However, the optimal UH resulted in a slightly larger value of the time-to-peak in the predicted
311
runoff. This problem might be solved by selecting more abnormal roots from the runoff roots to 312 reform the optimal UH to another optimal UH having smaller number of ordinates. However, this 313 method involves more subjectivity in the root selection procedure.
Interestingly, the reproduced hydrograph using the single-event UH 
316
This is mainly due to higher uncertainty associated with the determination of 
320
Conclusion
321
The root selection method can be used for determining a UH when rainfall data are not 
339
The proposed method yielded a non-biased estimation of the optimal UH in the sense that the 340 storms with larger runoff and the storms with smaller runoff equally contributed to the 341 determination of the optimal UH. The fluctuations found in some single-event UHs were virtually 342 removed in the optimal UH, and a validation result indicated that there was no remarkable 343 difference between the optimal UH and the UH obtained by using rainfall data.
344
Using the root selection method along with the method of moments allowed the estimation of 345 the parameters of Nash's IUH. However, it was shown that the IUH with these parameters would 346 result in slightly lower peak values. An objective method to reduce the number of ordinates in UH is 347 necessary.
348
To the knowledge of the author, the proposed root selection method in this research provided a 
